In Fe-C-V-W-Cr-Mo high speed steels, the nature of carbides during the solidification are discussed as a function of C, V and W content by the help of Partial Equilibrium (PE) approximation and thermodynamic calculations. The results show that the solidification path and carbide precipitation can be reasonably predicted by the Partial Equilibrium approximation for cooling rate lower than 10-13 K min -1
Introduction
The carbides in high speed steels play important roles on wear-resistant properties. In order to obtain better wearresistant properties, the nature of the carbides, such as the precipitation sequence, the amounts and the compositions should be strictly controlled during the solidification. In general, this is achieved through the study of solidification path using experimental observations and measurements combined with predictions.
Solidification path in a multi-component alloy are derived numerically from micro-segregation approximations with respect to the diffusion in solid phases. The Gulliver-Scheil (GS) approximation 1, 2) can be, to some extent, realistic despite the assumption of negligible back-diffusion for all elements in solids. The Partial Equilibrium (PE) approximation 3) seems to be more realistic owing to the assumptions of complete back-diffusion for interstitial elements and negligible back-diffusion for substitutional elements in solids. Some other approximations such as the Kobayashi model 4) and the Zhang et al. model 5, 6) considers further the finite diffusion of elements in solids [4] [5] [6] as well as in liquid. 5, 6) However, they still have some limitations for actual applications. For example, the Kobayashi model can be applied only to dilute multi-component alloys. 4, 7) The Zhang et al. model, based on the Tourret-Gandin model [8] [9] [10] for binary alloys, is limited to dendritic 5) and peritectic structures 6) but can not be applied to eutectic structures. Considering the different diffusivities of interstitial and substitutional elements in a multi-component alloy, Hillert 11) firstly analyzed the back-diffusion of carbon and chromium in liquid and primary FCC in Fe-C-Cr alloy with a one-dimensional numerical solution. Afterwards, Chen and Sundman 3) developed a Partial Equilibrium (PE) approximation to predict the partial equilibrium solidification behaviour in Fe-C-Cr alloy, which is implemented in the software package "Thermo-Calc". The results showed good agreement with the previous numerical simulations reported by Hillert. 11) Moreover, Kozeschnik et al. 12) considered the solid-solid phase transformation such as the peritectic transformation in low-carbon steels besides the partial equilibrium distribution of fast diffusers.
In this paper, the Partial Equilibrium (PE) approximation which considers the back-diffusion of carbon in solid FCC and BCC is developed and discussed on the validity of its application to the Fe-C-V-W-Cr-Mo high speed steels with carbide precipitation, from the viewpoint of hardness control by carbides. Firstly, for a certain alloy, the carbide precipitation mechanism during solidification is carefully analyzed. At that time, the predicted precipitation sequence and consequent micro-segregation in each phase is compared with those in previous experimental work by Yamamoto. 13) Then, for eleven alloys, the effects of carbon, vanadium and tungsten on the precipitation sequence, the amount and the composition of carbides are discussed in detail. Finally, it is confirmed that PE approximation clearly presents the nature of carbides, such as precipitation sequence, amount and composition of all carbides, which includes the nondetectable carbides in thermal analysis.
Experimental Work
The solidification experiments on the Fe-C-V-W-Cr-
Mo high speed steels (eleven alloy samples: C1 to C4, V1 to V5 and W1 to W4) were performed by Yamamoto.
13) The raw materials were melted inside a Tammann furnace with Ar gas atmosphere. Then, the molten alloy was poured into the cylindrical metallic molds with 12 mm diameter×100 mm depth. The alloys were made of Fe, C, V, W, Cr and Mo in which the contents of Cr and Mo were fixed to 5 wt%, the C content varies in the range of 1 to 4 wt%, the V varies from 0 to 12 wt% and W varies from 0 to 6 wt%. Exact alloy compositions are given in Table 1 . The solidification behaviour was examined by thermal analysis using a crucible. That is, 30 grams of alloy rod were re-melted in a crucible up to a temperature of 100°C above its melting point, and then cooled down at cooling rate of 0.17-0.22 K s -1 (i.e. 10-13 K min -1 ), in a furnace with SiC heater and Ar gas atmosphere protection. The precipitation temperatures of solid phases were estimated through the thermal analysis curve. The solidification structure was observed through microscope after quenching during solidification. The main carbides were identified by X-ray diffraction, colored etching and chemical analysis using Electron Probe Micro-Analysis (EPMA). The phase compositions at the temperature close to the phase formation were determined by EPMA. Table 2 gives the measured composition of carbides formed in alloy W3.
Unfortunately, there are some misjudgments in this type of thermal analysis using a crucible. One misjudgment is for the overlap of peaks, in which the precipitation temperatures are close to each other. Another is for small peaks, which are the results of small amount of precipitations because the thermocouple inserted into the protective tube has the sensitivity limitation, as discussed in Section 4.
Partial Equilibrium Approximation
The Partial equilibrium approximation is accomplished with the help of thermodynamic equilibrium calculation. Following a global minimization technique of the Gibbs energy of a system, a thermodynamic equilibrium calculation is performed providing the conditions to zero degree of freedom. 16) For a n-component system, n+2 conditions need to be set which are here the n-1 component compositions, the amount of the system, the temperature and the pressure.
The Partial Equilibrium (PE) approximation assumes negligible diffusion in solids (D s → 0) for substitutional elements and complete diffusion in solids (D s → ∞) for interstitial elements such as carbon, oxygen, nitrogen, hydrogen 13) ), where MC, M2C and M7C3 carbides are identified by X ray diffraction spectra.
Carbides
Composition in u-fraction (wt%) Note Vickers hardness [13] [14] [15] 
With the mass-percent of a substitutional component "i" in phase α, and considering all substitutional components "j" in phase α, the u-fraction of a "i" in phase α is defined as . Here is mass fraction weighted composition in carbides, .
and boron. In an imposed temperature stepping loop, with decreasing temperature, the new phases precipitate from the residual liquid, as that of the case for the Gulliver-Scheil (GS) approximation. However, in comparison with the GS approximation that the already formed solids remain frozen and their compositions and amounts are unchanged under the assumption of negligible diffusion in solids (D s → 0), the PE approximation adjusts the compositions and the amounts of the existing phases through the equalization of the chemical potentials of interstitial elements. Except that the stoichiometric and semi-stoichiometric phases where the compositions of interstitial elements are fixed, the existing phases containing interstitial elements will take part in the partial equilibrium calculation.
Here, for simplicity, carbon is the only interstitial element to be discussed in the governing equations. The partial equilibrium sequence obeys the following equations:
- at step k, respectively.
w w with i Fe, Cr, ... The partial equilibrium among several phases (i.e. liquid and solid phases s1, s2, …, sm) is equivalent to several partial equilibriums between two phases (e.g. liquid and solid s1, liquid and solid s2, … liquid and solid sm). The mass conservation of carbon among all phases then follows the following relation instead of Eq. (2) The calculation sequence for PE approximation is as follows:
1) Calculate initial equilibrium providing the composition, initial temperature which is above liquidus temperature, pressure and amount of the system. (1). 6) Update the compositions of substitutional elements in each phase according to Eq. (3). 7) Renew the amounts of the phases according to Eq. (4). 8) For more solid phases sj ( j>1), repeat step 4) to step 7) until the partial equilibrium of carbon is obtained among all the existing phases. Then check the total mass conservation from Eq. (5). The whole computational process is schematically drawn in Fig. 1 . The program is implemented using the TQ program interface for coupling with thermodynamic equilibrium calculations made by Thermo-Calc 16) and access to the thermodynamic properties of steels from database TCFE6.
17)
The temperature step is -1 K. The calculation finishes once the liquid mass fraction is less than 10 -3 . For the present Fe-C-V-W-Cr-Mo alloy, only carbon behaves as interstitial element, others are assumed as substitutional elements. Considering the prediction of solidification behaviour with carbide precipitation, PE approximation is prior to GS approximation.
Results and Discussion

Carbide Precipitation Mechanism during Solidification
The carbide precipitation mechanism during solidification is carefully analyzed for alloy W3 in Table 1 . At that time, the prediction of precipitation sequence and consequent micro-segregation in each phase is compared with the previous experimental work by Yamamoto. 13) 
Composition Evolutions in Residual Liquid during
Solidification of Alloy W3 Due to the solute redistribution at solid/liquid interface, the composition in residual liquid evolves with the precipitation of solid phases. As shown in Table 1 and Fig.  2 for alloy W3, after primary FCC phase (1 283°C), the precipitation of carbides follows the order of MC (1 256°C) → M6C (1 226°C) → M7C3 (1 211°C) → M2C (1 180°C), and amount of precipitated solid phase accumulates during the solidification. Corresponding to these precipitations, the composition in residual liquid decreases in the order of V → W → Cr → Mo. Since M2C forms at the final stage of solidification, it can be deduced that it may be present in small amount. On the other hand, the different order of MC → M2C → M6C was suggested from thermal analysis using crucible by Yamamoto. 13) This difference is due to the misjudgement of the overlaps of two peaks: M6C (1 226°C) and M7C3 (1 211°C) in thermal analysis. In fact, it is also found in Table 2 that M6C (1 226°C) acts as the nucleation site for M2C (1 180°C).
Composition Evolutions (Micro-segregation) in
Precipitated Solids during Solidification of Alloy W3 For alloy W3, the carbide precipitation mechanism during solidification is carefully analyzed according to the precipitation sequence: FCC, MC, M 6 C, M 7 C 3 and M 2 C, and shown in Fig. 3 . Left-hand side figures show partition coefficient for each solid phase during solidification, and right-hand side figures show consequent micro-segregation (i.e. solid/liquid interface composition) in each solid phase.
In primary formation of FCC with the partition coefficient in FCC, k p , <1 for all solute elements (C, V, W, Cr, Mo) (Figs. 3(a) and 3(b) ), the liquid compositions of all solute elements increase until the volume fraction of solid, g s , approaches 0.12 ( Fig. 2(b) ). Here, the alloying elements such as V, W, Cr, Mo stabilize BCC phase. These elements are referred to as ferrite stabilizers. On the other hand, C is referred to as austenite stabilizer. Then the formation of MC with the partition coefficient in MC, k p,V , >10 (Figs. 3(c)  and 3(d) ) makes the liquid composition of V, , decrease greatly. It indicates that the liquid composition of a certain element will decrease in the new carbide formation with its kp >1.
The W and Mo decrease at g s >0.55 with the formation of M6C (Figs. 3(e) and 3(f) ). The Cr decreases at g s >0.73 with the formation of M7C3 (Figs. 3(g) and 3(h) ). M2C finally forms at fs >0.98 (Figs. 3(i) and 3(j) ) due to the accumulation of Mo.
Average Composition of Carbides
Average composition of carbides can be estimated from the micro-segregation profile for each carbide in right-hand side figures of Fig. 3 : MC in Fig. 3(d) , M6C in Fig. 3(f) , M7C3 in Fig. 3(h) , M2C in Fig. 3(j) . Table 2 shows these predicted compositions in the form of u-fraction in carbides, which are compared with the measured data through EPMA (data in parentheses) by Yamamoto. From the prediction of alloy W3, it is confirmed that PE approximation provides clearly the useful information, such as precipitation sequence, amount and composition of all carbides, which includes non-detectable carbides in thermal analysis. In fact, carbide composition is directly related to hardness, as shown in Table 2 .
Effects of C, V and W on Carbide Precipitation
For eleven alloys, the effects of carbon, vanadium and tungsten on the nature of the carbides, such as the precipitation sequence, the amount and the composition of carbides are discussed, from the view point of hardness control by carbides.
Prediction Accuracy on Phase Precipitation Tem-
perature and Sequence Figure 4 shows the carbide precipitation sequence as a function of C, V and W contents in temperature -composition diagrams. The curves with the open symbols denote the predicted data by PE approximation and the solid symbols are the previous thermal analysis data by Yamamoto.
13)
Within the content range of C, V, W in Fig. 4 , the primary phase is mainly FCC. Only when V is greater than 8 wt%, it is BCC instead of FCC. It is because that alloying elements such as V, W, Cr and Mo stabilize BCC phase. These elements are referred to as ferrite stabilizers. In addition, it is also found in Fig. 4 that carbides precipitate in the order of MC, M6C, M7C3 and M2C, and M3C for the highest C content, 3.27 wt%.
Regarding the phase precipitation temperatures, the predicted liquidus temperatures and the precipitation temperatures of MC and M2C are within 3-17°C, 1-38°C and 2-28°C difference from thermal analysis data respectively, while the predicted solidus temperature is within 17-77°C difference from thermal analysis data. It is too difficult to estimate accurately the solidus temperatures from thermal analysis. So these differences between the predicted temperatures by PE approximation and thermal analysis data using crucible are within the allowable range, from the viewpoint of prediction accuracy and experimental accuracy, which have already been discussed in Section 2 and Section 4.1, respectively. In addition, regarding the phase precipitation sequence, the prediction by PE approximation can retrieve the appropriate carbide precipitation sequence and correct the misjudgement of experimental results due to the overlap of the peaks, in which the precipitation temperatures are close to each other, and due to the small peaks, which are the results of small amount of precipitations.
In a word, it is indicated that prediction accuracy on phase precipitation temperature and sequence by PE approximation is reliable.
Effect of C
Precipitation sequence: Here, the effect of C on carbide precipitation is discussed from the view point of the relationship among precipitation sequence, precipitation amount and averaged liquid composition. It is found in Fig.  4 (a) that after primary FCC phase, the precipitation sequence of carbides is changed with the increase of C. It follows: Fig.  5(a) . In relation to these carbide formation behaviours, the averaged liquid composition of Fe and Mo increases a little bit, but Cr, V and W decrease, as shown in Fig. 6(a) . Among the amounts of carbides: MC, M6C and M7C3, only the amount of MC and M 7 C 3 increases with the increase of C. Consequently, the total amount of carbides shows about 10% increase by the increase of C from 1.39 to 3.27 wt%, which is mainly due to the contribution of the increase of MC (VC, Vickers hardness: 2100, 2800) and M 7 C 3 ((Fe,Cr) 7 C 3 ), Vickers hardness: 1600-1800, 2305-2410).
Composition: Table 3 shows the predicted compositions and precipitation amount of carbides for Fe-C-V-W-CrMo high speed steels, considering the hardness control by carbides. From alloy C1 to C4 in Table 3 , it is found that with the C increase (from 1.39 to 3.27 wt%):
In MC, the V content decreases by 6 wt% (from 49 to 43 wt%). The contents of other components Fe, W, Cr, and Mo increase a little correspondingly.
In M 6 C, the Fe content increases by 4 wt% (from 31 to 35 wt%), the Mo content increases by 5 wt% (from 26 to 31 wt%), while the W content decreases by 4 wt% (from 33 to 29 wt%).
In M 7 C 3 , the Fe content increases by 15 wt% (from 35 to 50 wt%), the Mo content increases by 3 wt% (from 6 to 9 wt%) , the Cr content decreases by 13 wt% (from 35 to 22 wt%), and the V content decreases by 8 wt% (from 13 to 5 wt%) as well. This significant increase of Fe in M 7 C 3 might lead to a decrease in the hardness of M 7 C 3 .
Effect of V
Precipitation sequence: It is found in Fig. 4(b) that, firstly, primary phase is changed from FCC to MC with the increase of V, because V is referred to as ferrite stabilizers. Secondly, the precipitation sequence of carbides is not changed regardless of the increase of V. It follows:
Alloy V1 (V=0 wt%) to V5 (V=11.13 wt%):
In addition, with the increase of V, the temperature interval between precipitation of MC and M 6 C, M 7 C 3 is larger.
Precipitation amount: In this case, MC (VC) is main carbide. During solidification, with the increase of V, the amount of MC (VC) increase, the amount of M 7 C 3 ((Fe,Cr) 7 C 3 ) increase a little bit, and the amounts of M 6 C ((Fe,Mo,W) 6 C) and M 2 C (Mo 2 C) decrease, as shown in Fig.  5(b) . In relation to these carbide formation behaviors, the averaged liquid composition of Cr increases, but Fe, Mo and W decrease, as shown in Fig. 6(b) . Especially, with the significant decrease of Mo in liquid due to the preferential consumption of Mo in the previous formation of M 6 C ((Fe,Mo,W) 6 C), finally M 2 C (Mo 2 C) becomes vanished. Among the amounts of carbides: MC, M 6 C and M 7 C 3 , only the amount of MC increases with the increase of V. Consequently, the total amount of carbides shows about 10% increase by the increase of V from 0 to 11.13 wt%, which is only the contribution of the increase of MC (VC, Vickers hardness: 2100, 2800). Composition: From alloy V1 to V5 in Table 3 , it is found that with the addition of V by 3.06 wt%, MC begins to exist. With the V increase (from 3.06 to 11.13 wt%):
In MC, the V content increases by 25 wt% (37 to 62 wt%), corresponding with the composition decrease of other components such as Fe, W, Cr, and Mo. The significant increase of V content in MC leads certainly to an increase in the hardness of MC.
In M7C3, it leads to the decrease of Fe content by 12 wt% (42 to 30 wt%) and the decrease of Mo content by 7 wt% (11 to 4 wt%). The Cr content increases a little by 3 wt% (35 to 38 wt%), while the V content increases gradually by 16 wt% (0 to 16 wt%). This change from (Fe,Cr)7C3 to (Cr,Fe)7C3 leads to a increase in the hardness of M7C3.
The composition of M6C does not change by the addition of V.
Effect of W
Precipitation sequence: It is found in Fig. 4 (c) that after primary FCC, the precipitation sequence of carbides is not changed regardless of the increase of W. It follows:
Alloy W1 (W=0 wt%) to W4 (W=5.32 wt%):
In addition, with the increase of W, the precipitation temperature of MC is almost unchanged, while the temperature interval between the precipitation of MC and M6C is smaller.
Precipitation amount: In this case, MC (VC) is also the main carbide. During solidification, with the increase of W, the amount of M6C ((Fe,Mo,W)6C) increases largely, the amount of M7C3 ((Fe,Cr) 7C3) increase only a little bit, and the amount of M2C (Mo2C) decreases, as shown in Fig. 5(c) . In relation to these carbide formation behaviors, the averaged liquid composition of Cr increases a little bit, but Fe and Mo decrease, as shown in Fig. 6(c) . Among the amounts of carbides: MC, M6C and M7C3, only the amount of M6C increases with the increase of W, while the amount of MC does not change. Consequently, the total amount of carbides shows about 3% increase by the increase of W from 0 to 5.32 wt%, which is only the contribution of the increase of M6C ((Fe,Mo,W)6C, Vickers hardness: 1890-2060).
Composition: From alloy W1 to W4 in Table 3 , it is found that the addition of W by 5.32 wt% leads to that:
In MC, the V content decreases by 10 wt% (from 59 to 49 wt%) and the W content increases by 15 wt% (from 0 to 15 wt%). This great decrease of V content makes the hardness of MC decreased.
In M6C, the Fe content decreases by 10 wt% (from 41 to 31 wt%) and the Mo content decreases by 25 wt% (from 51 to 26 wt%), while the W content increases by 33 wt% (from 0 to 33 wt%). This significant W increase in M6C leads to an increase in the hardness of M6C.
M7C3 composition does not change by the increase of W.
Hardness of High Speed Steels
The effects of C, V, and W on each carbide precipitation have been discussed quantatively in section 4.2. From the view point of comprehensive understanding of the hardness control, the total hardness index of high speed steels is quantatively evaluated by the help of the data of Vickers hardness for each carbide in Table 2 and the predicted volume fraction for each carbide in Fig. 5 .
The total hardness index of high speed steel is drawn in Fig. 7 as the summation of the contribution of carbide MC, M6C, M7C3, M2C as well as M3C (Vickers hardness is 1340) 13) 's hardness and weighted by its volume fraction predicted by PE approximation. The lower limit curve 'min' and upper limit curve 'max' denote the range of the hardness index, 100-500, using the minimum and maximum Vickers hardness for each carbide in Table 2 , respectively. It is known from Table 2 that the hardness of MC is higher than others and from Fig. 5 that the maximum amount of MC is obtained with V content near 8.5 wt%. Besides these, with the increase of C, V and W content, the total amount of the carbides increases. These contribute to the hardness index in Fig. 7 that the maximum and minimum hardness index of high speed steel all increase with the increase of C, V and W content. When the V content is at 8.5 wt%, the highest hardness index, 350-500, is obtained. Considering from Fig. 4 that when V content is greater than 6 wt%, the FCC matrix is replaced by BCC matrix and the BCC matrix might reduce the toughness of the alloy, so the addition of V with 6 wt% to 8.5 wt% content is recommended.
Conclusions
In Fe-C-V-W-Cr-Mo high speed steels, the nature of carbides, such as the kind, the precipitation sequence, the amount and the compositions, during the solidification and its effects on the hardness of the alloy are discussed as a function of the composition of C, V and W by the help of (3) Carbide hardness. The hardness of high speed steel increases with the increase of the carbide amount. The hardness index of the high speed steel, which is comprehensively evaluated by the summation of the contribution of each carbides, alters from 100 to 500 with the C, V and W content concerned. When the V content is at 8.5 wt%, the highest hardness index, 350-500, is reached. The significant increase of Fe in M7C3, with the C increase, might lead to a decrease in the hardness of M7C3. On the other hand, with the V increase, the significant increase of V in MC surely leads to an increase in the hardness of MC, and the change from (Fe,Cr)7C3 to (Cr,Fe)7C3 leads to a small increase in the hardness of M7C3. In addition, with the W increase, the significant increase of W in M6C leads to an increase in the hardness of M6C. However, the excess addition of V and W acting as ferrite stabilizers causes the change in matrix from FCC to BCC phase.
Partial Equilibrium approximation, based on the thermodynamic equilibrium calculation and a reliable database, gives more reasonable prediction on the solidification behaviour such as precipitation sequence, amount and composition of all carbides, which includes non-detectable carbides in thermal analysis, in multi-component alloys.
